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Methods: Eligible participants with a history of TBI fromAlzheimer’s Disease Neuroimaging Initia-
tive were divided into a childhood TBI (cTBI) group (the AAI  21 years old) and an adult TBI
(aTBI) group (the AAI . 21 years old).
Results: The cTBI group has a higher Everyday Cognition total score than the aTBI group. All
perceived cognitive functions are worse for the cTBI group than for the aTBI group except memory.
By contrast, the cTBI group has higher assessment scores on either the Boston Naming Test or Rey
Auditory Verbal Learning Test than the aTBI group.
Discussion: The AAI is associated with the long-term cognitive outcomes in older adults with a history
of TBI.
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Age at injury (AAI) has been shown to influence cogni-
tive outcome in patients with traumatic brain injuries
(TBI) [1]. However, the association between AAI and the
long-term cognitive outcome of TBI is debatable. On one
hand, the AAIwas not associated with the cognitive outcome
measured within the first year after TBI for children who
sustained TBI before 6 years of age [2]. The AAI was alsoparation of this article were obtained from the Alz-
roimaging Initiative (ADNI) database (adni.loni.usc.
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commons.org/licenses/by-nc-nd/4.0/).not an effective predictor for the long-term cognitive
outcome in patients with a history of severe TBI when
they were evaluated at an average of 14 years after TBI
[3]. On the other hand, pediatric TBI patients with a younger
AAI (,8 years old) were associated with a worse cognitive
outcome when they were tested at least 6 years after TBI [4].
Moreover, a younger AAI was reported to be associated with
a better long-term cognitive outcome of TBI in a study with a
follow-up duration of 30 years [1]. Although the AAI has
been studied with regard to its effects on cognitive
performance in young patients with TBI [4–7], no study
has been done to compare the long-term cognitive outcome
between patients sustained with childhood TBI (cTBI) and
adult TBI (aTBI). In this report, the AAI was investigated
for its relationship with the long-term cognitive outcome
of TBI by analyzing the cognitive performance of elderly
participants enrolled in the Alzheimer’s Disease Neuroimag-
ing Initiative (ADNI). The findings have importantimer’s Association. This is an open access article under the CC BY-NC-ND
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Fig. 1. The AAI showed a bimodal distribution. Abbreviations: AAI, age at
injury; TBI, traumatic brain injuries.2. Methods
2.1. ADNI
Data used in the preparation of this report were obtained
from the ADNI database (adni.loni.usc.edu). ADNI is the
result of efforts by many coinvestigators from a broad range
of academic institutions and private corporations. Partici-
pants have been recruited from over 50 sites across the
United States and Canada. To date, ADNI has recruited
over 1800 adults, aged 55 to 90 years, to participate in the
research, consisting of cognitively normal older individuals,
people with early or late mild cognitive impairment, and
people with early Alzheimer’s disease (AD). Further infor-
mation can be found at http://www.adni-info.org/ and in
previous reports [8–13].2.2. AAI
ADNI participants with a TBI history were selected by
searching keywords from the medical history database as
previously described [14]. For multiple traumatic brain
injuries with the same severity (mild vs. moderate or severe),
the date for the first injury was used to determine the AAI.
When one TBI was more severe than the other ones, the
date for the most severe TBI was used to derive the AAI.
Based on the AAI, all participants with a history of TBI
were divided into a cTBI group (the AAI  21 years old)
and an aTBI group (the AAI . 21 years old).EC
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Fig. 2. The AAI affected the ECog total score. The cTBI group had a higher
ECog total score than the aTBI group. Abbreviations: aTBI, adult TBI; AAI,
age at injury; cTBI, childhood TBI; ECog, everyday cognition.2.3. Cognitive assessments
All the participants had completed a battery of neuropsy-
chological tests including Everyday Cognition (ECog) rat-
ings, Boston Naming Test (BNT), and Rey Auditory
Verbal Learning Test (RAVLT). The subjective ECog ratings
are used to assess the participants’ perceptions about their
capability to perform normal everyday tasks, in comparison
to activity levels 10 years prior, on a five-point scale (15 no
change or actually performs better than 10 years ago;
2 5 occasionally performs the task worse but not all of the
time; 3 5 consistently performs the task a little worse than
10 years ago; 4 5 performs the task much worse than
10 years ago; 5 5 participant/caregiver does not know)
[15]. The ECog ratings cover multiple cognitive domains,
including language, memory, visual spatial ability, and
executive function, including planning, organization, and
divided attention. The BNT is a language function test sen-
sitive to both aphasia and object recognition deficit with a
maximum score of 30 points. The RAVLT is a test for
episodic memory to recall a list of words immediately after
presentation and recall and recognize the words after a
30-minute delay interval [16].2.4. Statistic analysis and figures
Two-way analysis of covariance was used to compare
ECog ratings and cognitive performance on the BNT and
RAVLT between the cTBI and aTBI groups, using AAI
and baseline diagnosis as independent variables. Baseline
age, gender, and education were controlled as potential con-
founding factors. A multivariate analysis of covariance
(MANCOVA) model was used to compare ECog perfor-
mance in different domains between the cTBI and aTBI
groups. Results are shown in the form of mean 6 standard
error, and P, .05 is considered as significant for all statisti-
cal analyses with SPSS (version 23.0; IBM Corp., Armonk,
NY, USA). Figures were created using Microsoft Excel or
SigmaPlot (version 10.0).3. Results
3.1. The AAI shows a bimodal distribution
In this study, the average lag time was
39.21 6 23.07 years (n 5 119), which refers to the delay
between the sustaining time of TBI and the cognitive assess-
ment time. The AAI of all participants with TBI showed a
typical bimodal distribution. The first peak appeared in the
Table 1
The cTBI group had more complaints on the ECog than the aTBI group in all domains
ECog domain cTBI 95% CI aTBI 95% CI P
Executive function 1.90 6 0.11 (n 5 31) 1.68–2.12 1.38 6 0.10 (n 5 32) 1.17–1.58 .001
Organization 1.91 6 0.12 (n 5 31) 1.68–2.15 1.45 6 0.12 (n 5 32) 1.22–1.68 .009
Planning function 1.74 6 0.11 (n 5 31) 1.51–1.97 1.13 6 0.11 (n 5 32) 0.91–1.36 .001
Language 2.05 6 0.13 (n 5 31) 1.79–2.32 1.49 6 0.13 (n 5 32) 1.23–1.75 .005
Divided attention 2.07 6 0.15 (n 5 31) 1.78–2.36 1.53 6 0.14 (n 5 32) 1.25–1.82 .013
Visual spatial ability 1.66 6 0.09 (n 5 31) 1.48–1.84 1.24 6 0.09 (n 5 32) 1.06–1.42 .003
Memory 2.23 6 0.14 (n 5 31) 1.95–2.50 1.90 6 0.13 (n 5 32) 1.64–2.17 .105
Abbreviations: cTBI, childhood TBI; ECog, everyday cognition; aTBI, adult TBI; CI, confidence interval.
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60 to 90 years old (see Fig. 1).3.2. AAI is associated with ECog ratings
The cTBI group had an ECog total score of 1.96 6 0.10
(95% confidence interval [CI]: 1.76–2.16, n 5 31). This is
higher than the same measure for the aTBI group of
1.50 6 0.09 (95% CI: 1.32–1.69, n 5 33, P 5 .002;
Fig. 2). Furthermore, AAI interacts with baseline diagnosis
for affecting the ECog total score (P 5 .012), such that the
effects of AAI were seen in participants with a baseline diag-
nosis of cognitive impairments, especially those with AD,
but not with cognitively normal participants. Subsequent
MANCOVA showed that the cTBI group has significantly
higher ECog assessment scores than the aTBI group for all
ECog domains except memory (P 5 .105; Table 1).3.3. AAI is associated with performance on BNT and
RAVLT
The analyses showed that the cTBI and aTBI groups have
significantly different performance on the BNT or RAVLT
delayed recognition (Fig. 3). The BNT total score is
27.72 6 0.50 (95% CI: 26.72–28.72, n 5 47) for the cTBI
group, which is higher than the same measure for the aTBIA                                                          B
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Fig. 3. The AAI had effects on language and memory functions. The cTBI group h
function tests, the BNT (panel A) and the RAVLT delayed recognition (panel B). Ab
cTBI, childhood TBI; RAVLT, Rey Auditory Verbal Learning Test; TBI, traumatigroup of 26.07 6 0.48 (95% CI: 25.11–27.03, n 5 64,
P 5 .025). Similarly, the cTBI group has a RAVLT total
score of 12.286 0.48 (95%CI: 11.32–13.23, n5 47), which
is higher than the same measure for the aTBI group of
10.42 6 0.46 (95% CI: 9.51–11.34, n 5 64) (P 5 .009).4. Discussion
This retrospective study investigated the association be-
tween AAI and the long-term cognitive outcome in elderly
participants with a TBI history. The participants with a
TBI history were divided into cTBI and aTBI groups based
on the sustaining age of TBI. The cognitive performance on
ECog ratings, BNT and RAVLT, was compared between the
two groups of participants.
The mean lag time was more than 39 years in the present
study. This is the longest follow-up duration for studying the
long-term cognitive outcome of TBI in the literature. The
bimodal distribution of AAI was expected because the youn-
gest and the oldest members of a population are always at the
greatest risk for sustaining TBI [17].
The cTBI group has higher ECog scores than the aTBI
group in all domains, although the difference in the memory
domain does not reach significance (Table 1). In general, a
higher ECog item assessment score represents more subjec-
tive complaints. However, the ECog rating differences seenR
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ad a significantly better performance than the aTBI group on two cognition
breviations: aTBI, adult TBI; AAI, age at injury; BNT, Boston Naming Test;
c brain injuries.
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small differences between the aTBI and cTBI groups. The
absolute ECog rating values are below 2 for both cTBI and
aTBI groups (2 5 occasionally performs the task worse
but not all of the time), suggesting minimal subjective com-
plaints in these groups.
However, the cTBI group has a significantly better perfor-
mance on both the BNTand RAVLT recognition scores than
the aTBI group. The results suggest that immature brains are
more resilient for maintaining the episodic memory/recogni-
tion and language functions than mature brains. The findings
are consistent with those from a previous report that adult
TBI patients with a relatively younger AAI (55–64 years
old) were suggested to be more resilient to dementia devel-
opment than those with an older AAI (65–74 years old) [18].
However, the convergence of subjective ratings (more com-
plaints in cTBI) and objective performance (better perfor-
mance in cTBI) is interesting and should be further
investigated.
This study has several limitations. Preinjury social eco-
nomic status (SES) has been shown to be associated with
the long-term cognitive outcome of TBI [3]. Preinjury abil-
ity was also identified as a significant predictor of postinjury
cognitive status in those patients with cTBI [19,20].
However, neither preinjury SES nor preinjury ability was
controlled as potential confounding factors in the present
study due to unavailability of information. In addition, the
history of TBI was based on self-report information from
either participants or informants, which may bring some in-
accuracy. Although injury severity has been reported to be
associated with the long-term cognitive outcome of TBI
[3,21–23], the role of TBI severity was not investigated in
this study because of the self-reported medical history.
Finally, participants with a history of TBI were divided
into the cTBI and aTBI groups using an arbitrary age of
21 years old. Because a significantly higher rate of cognitive
dysfunction is only seen in patients with TBI sustaining after
age 11 years than in the general population [24], it might be
more reasonable to group patients by brain maturation
phases in future studies [25].
In summary, the findings from this study showed that age
at injury is associated with the long-term cognitive outcome
of individuals with a history of TBI. People with TBI occur-
ring before age 22 years had better cognitive performance in
language and episodic memory/recognition than those with
aTBI, despite an increased level of self-perceived cognitive
decline in all cognitive domains on the ECog assessments.Acknowledgments
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1. Systematic review: The association of age at injury
(AAI) with the long-term cognitive outcome of
traumatic brain injuries (TBI) is debatable. The au-
thors reviewed the effects of AAI of TBI on the long-
term cognitive outcomes using PubMed as the main
literature source. The relevant citations are appro-
priately cited.
2. Interpretation: AAI was demonstrated to be associ-
ated with the long-term cognitive outcome of
individuals with a history of TBI. People with
childhood TBI showed better cognitive performance
in language and episodic memory/recognition than
those with adult TBI.
3. Future directions: Studies with large samples and a
prospective design are needed to replicate the current
findings. The present study can be deepened by
investigating the role of the following factors: (1)
TBI severity; (2) preinjury economic status and
ability; (3) a logical classification of TBI based on
the brain maturation process.References
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